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Difficulties are encountered in the fabrication of polyimide matrix composites due
to the high melt viscosities of the polyimides. Blending of the polyimides with additives
such as, bisamic acid and bisimide additives is expected to reduce the melt viscosity of
the composites. Bisamic acid and bisimide additives were synthesized via the
condensation reaction ofbicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride,
with a series of/?-alkyl anilines. Structural and thermal characterization of the additives
were performed by elemental analysis, Fourier transform infrared spectroscopy (FTIR),
nuclear magnetic spectroscopy (NMR), mass spectrometry, differential scanning
calorimetry (DSC), and thermogravimetric analysis (TGA). The bisamic acid and
bisimide additives were blended with the polyimides, K3B and LARC-PETI-5. The
blends were characterized by rheological techniques to determine their melt viscosities.
As the carbon chain increases, the melting point of the additives decreases. Also, as the
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carbon chain increases, the onset of thermal decomposition increases. Rheological
studies show that the melt viscosities of the K3B and LaRC-PETI-5 polyimides are
reduced upon the addition of the bisamic acid and bisimide additives. There is a decrease
in melt viscosity of the polyimides as the percentage ofadditive is increased from 5 to
15%. The LaRC-PETI-5 polyimide exhibits crosslinking and the additives lowered the
melt viscosity during the crosslinking.
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INTRODUCTION
Polyimides are a group of high performance polymers used in composite
materials. These materials exhibit stability at high temperatures. Their thermal stability
is due to the rigid rod structure of the aromatic heterocyclic backbone of the polymer.
This results in strength greater than other engineering materials such as glass, steel, and
almninum.*
In addition to their high thermal stability, polyimides exhibit high
thermooxidative stability. Thermooxidative stability of polyimides is due to the high
oxidation states of the monomer. As a result, the monomers are less susceptible to
thermooxidation. This can be seen in the comparison of the polyimides, Langley
Research Center- Thermoplastic Imide (LaRC-TPI) and Kapton®. For example, LaRC-
TPI shows one-tenth the weight loss of Kapton® at 350 C for 250 h in air. This is
because the LaRC-TPI is prepared from 3,3’-diaminobenzophenone, which is less
(Sb ?
susceptible to oxidation than the 4,4’-oxydianiline that is used to prepare Kapton .
Polyimides also exhibit mechanical properties such as excellent tensile and impact
strength and high flexiural moduli below their high glass transition temperature (Tg). In
addition, polyimides exhibit high Tg. high resistance to solvents, high ultraviolet stability,
and low flammability.
These properties allow polyimides to be utilized in a variety of applications such
as in struts, chassis, and brackets in automotive and aircraft structures and as coatings for
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electronic devices.^’^ The two main applications of polyimides in electronics are as
protection and as interlayer dielectrics.^ In addition, polyimides are used as adhesives
and composite matrices. As adhesives, polyimides are used for joining metals, ceramics,
and plastics (i.e., LaRC-TPI). In composites, the polyimides are used as impregnation
materials in fabrics and fibers. In the aircraft industry, they are used in fans,
compressors, castings, and duct and engine control systems.®
K-polymers were designed for improved processability, toughness, and
environmental resistance.’ K-polymers are synthesized by reaction of an aromatic diethyl
ester acid with an aromatic diamine in a polar aprotic solvent such as N-
methylpyrrolidone (NMP) as shown in Scheme 1. The resulting Avimid® K-polymer has
high resistance to solvents, good impact compression strength, and high Tg, which makes
it ideal for use in aerospace applications.’
Scheme 1. The General Synthesis of K-Polymers




However, a problem is encountered during the processing of K-polymers due to
the evolution of volatiles. K-polymers also have low solubility in common solvents.
Several approaches have been found to resolve this problem. One approach is to stop the
reaction before imidization to form the amic acid or amic ester precursor to the
polyimide. This leads to an increase in solubility of the K-polymer.® However, this
approach leads to void formation caused by the evolution of water and alcohol during
imidization. Another approach is the polymerization of monomeric reactants (PMR),
which was performed at the National Aeronautics and Space Administration (NASA)
laboratories. In this process, partially imidized oligomeric solutions are prepared by the
reaction of monomers slowly in an alcohol (i.e. methanol). This step is followed by
thermally induced polymerization of the oligomeric solution in situ by the removal of
volatiles. This approach alleviates the problem of solution instability, but creates another
problem of producing high void content composite parts.*
DuPont K3B was synthesized in an effort to improve the properties of the
Avimid® Kill polymer. The K3B polyimide requires very high processing temperatures
and pressures. However, the K3B polyimide exhibits good damage resistance,
environmental resistance, and retention of mechanical properties at high temperatures.^
The K3B polymer also exhibits high stiffness, toughness, and stability due to its rigid rod
structure.*® Also, DuPont's Avimid® K3B exhibited minimal weight loss (<0.1%) when
aged at 177 °C for 8000 h.*' The differential scanning calorimetry (DSC) thermogram of
K3B showed a melting point of 272 °C which allows it to be blended with additives
easily at temperatures below 300 °C. The thermogravimetric analysis (TGA) thermogram
of K3B showed an onset of decomposition at 536 °C, thus it can be used in high
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temperature applications.
Another polyimide, Langley Research Center phenylethynyl terminated imide
(LaRC-PETI-5), polymer is synthesized by reacting 3, 3',4 ,4'-biphenyltetracarboxylic
dianhydride, with an 85:15 molar ratio of 3, 4'-oxydianiline to 1,3- bis(3-
aminophenoxy)benzene and using 4-phenylethynylphtalic anhydride as the endcapper
(Figure 1).’^ The number average molecular weight (Mn) of the polymer was
approximately 5,000 g/mol. The phenylethynyl endcap provides the polymer with
chemical and thermal stability. These properties allow LaRC-PETI-5 to withstand the
harsh synthetic conditions and give a large processing window.*^ LaRC-PETI-5 exhibits
good mechanical properties, such as short beam shear strength, flexural strength and
modulus, longitudinal compression strength and modulus (IITRI), longitudinal tensile
strength and modulus and open hole compression strength. The differential scanning
calorimetry (DSC) thermogram of LaRC-PETI-5 showed a melting point of 244 °C,
allowing it to be blended with additives below 300 °C. Thermogravimetric analysis
(TGA) thermogram showed an onset of decomposition of 550 °C, thus the polymer can
be used for high temperature applications.
In general, polyimides including the DuPont K3B and the LaRC-PETI-5
polyimides are difficult to process due to the rigid rod structure in their backbone and this
limits their applications. This problem can be addressed by the use of additives.
Additives are materials which are physically dispersed in a polymer matrix that enhance
certain properties of the polymer, thus making them more suitable for industrial and
consumer applications.*'* There are several types of additives. Examples include
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mechanical property modifiers, surface property modifiers, chemical property modifiers,
aesthetic property modifiers, and processing modifiers.
Ar= H2N-
NHz
3,4, -oxydianiline (3,4' ODA) 1,3- bis(3-aminophenoxy)benzene
l,3-bis(3-APB)
Figure 1. The Structure of the polyimide LaRC-PETI-5.
An example of the use of additives in polymers is the incorporation of silicone
additives in thermoplastics to improve the fire performance properties of plastics without
negatively affecting processing and molding characteristics.’^ Polystyrene is one of the
most difficult materials to treat for fire retardance because it readily combusts causing
depolymerization to its monomer.’® The use of a silicone based additive, Dow Coming
RM 4-7081, with polystyrene reduced the rate of heat release by 70%. It also reduced the
evolution of carbon monoxide by 83%, and evolution of smoke by 74%. Another silicon
based additive, Dow Coming RM 4-7051, showed the ability to be modified to improve
impact strength and processability of engineering plastics. The processing of
poly(phenylene ether) (PPE) could only be improved through blending with polystyrene.
However, polystyrene has high flammability characteristics which are undesirable. The
6
use of Dow Coming RM 4-7051 additive improved the flame retardance of polystyrene.
Also, the additive increased the impact strength of PPE while maintaining good flex
modulus.’’
The processability of DuPont K3B and LaRC-PETI-5 can be enhanced through
the addition of polyamic acid and polyimide additives into the composite matrix. This
has been done in the past with another polyimide, LaRC-TPI. LaRC-TPI polyimide
possesses the properties of good toughness, good flexibility, high thermooxidative
stability, and good solvent resistance.’* The polyimide, LaRC-TPI synthesized from
3,3’-diaminobenzophenone (DABP) and 3,3,4,4’-benzophenonetetracarboxylic
dianhydride (BTDA) has improved processability over conventional polyimides,
however, the processability can be further improved. Processability was enhanced by
introducing into the LaRC-TPI polyimide an additive synthesized from p-
phenylenediamine and phthalic anhydride (PA-/?-PDA-PA). The /7-PDA moiety interacts
more with the BTDA than the DABP moiety because /7-PDA is more electron
sufficient.’^ The interaction of the additives with the polymer chains prevented the
polymer chains from interacting continuously with each other. Therefore, the blend had a
lower glass transition temperature and thus a lower melt viscosity. This enlarged the
processing window of the LaRC-TPI polyimide.
Bicyclic dianhydrides have been used in place of aromatic moieties to prepare
liquid crystalline polymers.’® This is because the bicyclic ring has similar symmetry and
geometry as the phenylene ring system, thus it is able to maintain the property of liquid
crystallinity. The bicyclic ring also shows good solubility. The improved solubility and
liquid crystallinity of the bicyclic ring are due to the decrease in symmetry (benzene =
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D3h, bicyclic ring = C2v), similar geometry (benzene = 5.0 A, bicyclic ring = 4.9 A) and
a decrease in polarizability of the bicyclic ring when used in place of a phenylene ring
21.22
system. ’
/»-Alkyl anilines with carbon chains with three or more carbons have been
reported to maintain liquid crystallinity. Thus, liquid crystalline properties are expected
to be maintained when these moieties are incorporated in low molecular weight
compounds.^^
In this work, low molecular weight compounds were prepared from
bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride and /7-alkyl anilines as
additives for the polyimides, K3B and LaRC-PETI-5. It is expected that the
incorporation of the additives into the polyimides will lower their melt viscosities with
minor effect on their Tg’s.
The structural and thermal properties of the additives were determined. The
additives were blended in 5,10, and 15% with the polyimides. The effect of the additives
on the melt viscosity and Tg of the polyimides were studied.
EXPERIMENTAL
Instrumentation
Fourier transform infrared spectroscopy (FTIR) was performed using a Nicolet
Impact 400 Infrared Spectrometer. The samples were made using potassium bromide
(KBr) pellets. Mass spectral data were obtained using a HP 5972 MSD; injection and
detector at 310 °C, program heating rate of 20 °C /min from 100 °C to 310 °C. Samples
were dissolved in N,N-dimethylacetamide (DMAc). Proton nuclear magnetic resonance
spectroscopy ('H NMR) was performed at room temperature on a Bruker ARX 400
Spectrometer by dissolving the samples in dimethyl sulfoxide (DMSO) and unisol and
using tetramethylsiloxane as a reference solvent (0.0 ppm). Carbon-13 nuclear magnetic
spectroscopy (*^C NMR) was performed at room temperature on a Bruker ARX 400
Spectrometer by dissolving the samples in dimethyl sulfoxide (DMSO) and unisol.
Carbon 13 (’^C NMR) simulation was done using the Softshell Chemwindow® Carbon-
13 module.
The Elemental analysis was performed by Atlantic Microlab, Norcross, Georgia.
Wide Angle X-ray Diffraction (WAXD) was done at room temperature on a Philips
X’Pert X-ray Diffractometer. The sample was irradiated with Cu-K^ X-rays (1.5406 A°).
The diffraction angle range was 10 to 80°.
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Rheology was performed using a Haake RS100 Rheostress Rheometer equipped
with 20 mm diameter parallel plates. A sample 1.749 mm thick was subjected to an
oscillatory deformation at stress levels of 15,000; 5,000; and 10,000 Pa s and a
frequency of 1.00 Hz. The sample was heated at a rate of 4 °C/ min from room
temperature to 450 °C. The dynamic viscosity was measured as a function of
temperature using the expression below
n* (T) 0 = [ (G” (T)/w)2 + (G’ (T)/w)^]
where G” = loss modulus, G’ = storage modulus, w = 2P f, f= 1.00 Hz, g = shear rate and
n* = dynamic viscosity.
Differential scanning calorimetry (DSC) was done using a Seiko DSC 220C
model instrument. The tests were performed using a heating rate of 10 °C/min from room
temperature to 450 °C. The tests were run imder an atmosphere of nitrogen using sealed
aluminum pans. The differential scanning calorimetry (DSC) quench cooling tests were
run imder an atmosphere of nitrogen from room temperature to the melting point of the
additive at a heating rate of 10 °C/min, then quenched at 100 °C/min to room temperature
and reheated to 450 °C. DSC transitions were taken as the minima of the endothermic
peak. The thermogravimetric analysis (TGA) was performed using a TA Instruments
SDT 2960 TGA-DTA instrument. The tests were performed using a heating rate of 10
°C/min from room temperature to 1200 °C. The tests were run under an atmosphere of
nitrogen using platinum pans. The onset of decomposition for the TGA thermograms
was recorded using the intersection of tangent lines.
Materials
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The reagents /7-ethylaniline and />-propylaniIine were obtained from Frinton
Laboratories, Vineland, New Jersey. p-n-Butylaniline, p-pentylaniline, /»-hexylaniline, p-
heptylaniline, /7-octylaniline, /7-decylaniIine, and bicyclo[2.2.2]oct-7-ene-2,3,5,6-
tetracarboxylic dianhydride (m.p. >300 °C) were obtained from Aldrich Chemical
Company, Milwaukee, Wisconsin. The reagents were used as received. Anhydrous N,N-
dimethylacetamide (99.8%) was used as received. The polyimide, LaRC-PETI-5 was
purchased from IMITEC Inc., Schenectady, NY. The polyimide, K3B was supplied by
NASA Langley Research Center, Langley, VA.
Synthesis of Amic Acid
/7-Alkyl aniline (0.088 moles) was dissolved in N,N-dimethylacetamide (100 mL)
in a 250 mL beaker at room temperature while stirring. In a separate three necked round
bottom flask was dissolved bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride
(0.040 moles) in N,N-dimethylacetamide (150 mL). The /7-alkyl aniline solution was
added to the bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride solution and
stirred for 24 h at room temperature. A portion of the reaction mixture (~ 125mL) was
removed and precipitated in distilled water, filtered by vacuiom filtration, and the solid
was allowed to dry in air, giving the crude amic acid. The crude bisamic acid was
recrystallized from acetone to give the pure amic acid. All of the bisamic acid additives
were prepared using similar experimental procedure.
Synthesis of Bisimide
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The remaining mixture was heated to reflux for 24 h in the three necked round
bottom flask equipped with a reflux condenser, nitrogen inlet, and drying tube. The
mixture was poured while hot over ice to yield a precipitate. The precipitate was
collected by vacuum filtration and the solid was allowed to dry in air. The crude
bisimide was obtained. The crude bisimide was recrystallized from acetone to yield the
pure bisimide. The pure bisimide was dried in a vacuum oven (175 °C, 24 h). All of the
bisimide additives were prepared using the same experimental procedure.
Solubility Properties
The solubility tests were performed by dissolving ~ 3.00 g of the additive in 1.00
mL of solvent at room temperature.
Blending of the Additives with the Polyimides and Preparation of Pellets
The blends were prepared in 5,10, and 15% by weight. The pellets were prepared
using ~ 1.00 g of each blend and pressing into a disc using a Buehler Specimen Mount
Press (20 mm diameter; 1.749 mm thickness).
RESULTS AND DISCUSSION
The synthetic route to the preparation of the additives is presented in Scheme 2.
The bisimides were obtained from the bisamic acids by cyclodehydration. The bisamic
acid additives are denoted by 1, for example, ETHl. The bisimide additives are denoted
by 2, for example, ETH2.









The solubilities of bisamic acid and bisimide additives are shown below in Table
1. The additives are soluble in tetrahydrofuran (THF), tetramethylurea (TMU), and 1 -
methyl-2-pyrolidinone (NMP). The additives are insoluble in ethanol (EtOH), and
chloroform (CHCI3). In methyl sulfoxide (DMSO), there is a decrease in solubility as the
alkyl chain length is increased; additives vvdth six or less carbons are soluble; those with
seven and eight carbons are partially soluble, and those with ten carbons are insoluble. In
1,1,2,2-tetrachloroethane (TCE), the bisamic acids are partially soluble and the bisimides
are soluble.
Table 1. Solubility of Bisamic Acids and Bisimides
Additives Solvents
DMSO THF TMU NMP EtOH TCE CHCI3
ETHl -H- -H- -H- -H- “ +- —
ETH2 -H- -H- ++ -H- — -H- “
PROl -H- -H- ++ +-1- — -I-- “
PR02 -H- ++ -H- ++ “ ++ “
PENl -H- +-I- ++ -H- — -I-- “
PEN2 +-1- -H- -H- -H- “ -H- “
HEXl +-1- -H- -H- ++ — +- —
HEX2 +-I- -H- -H- -H- — -K- “
HEPl +- -H- -H- -H- — +- —
HEP2 -I-- -H- -H- -H- — -H- —
OCTl -I-- -H- -H- ++ — -I-- “
OCT2 -I-- ++ ++ +-f- — -H- —
DECl — ++ -H- -H- “ +- —
DEC2 — -H- ++ ++ ~ ++ —
++ = soluble; +- = partially soluble; -- = not soluble
Solubility at room temperature in dimethyl sulfoxide (DMSO); tetrahydrofuran (THF); tetramethylurea





The elemental analysis of the bisamic acid and bisimide additives are summarized
in Table 2. The bisamic acid additives show a greater deviation between the calculated
and found values. This is because the bisamic acids were dried in air to prevent
imidization from occurring. The deviation is due to the presence of solvent and moisture.
Table 2. Elemental Analysis of Bisamic Acids and Bisimides
Additive Calculated (%) Found (%)
ETHl C 68.62, H 6.13, N 5.72 C 70.60, H 6.08, N 6.19
ETH2 C74.06, H 5.73, N 6.17 C 74.07, H 5.78, N 6.18
PROl C 69.55, H 6.57, N 5.41 C 68.49, H 5.95, N 4.66
PR02 C 74.75, H 6.23, N 5.81 C 74.50, H 6.30, N 5.71
PENl C 71.13, H 7.32, N 4.88 C 73.66, H 7.61, N 5.60
PEN2 C 75.89, H 7.07, N 5.21 C 76.01, H 7.13, N 5.25
HEXl C 71.76, H 7.65, N 4.65 C 68.40, H 7.80, N 5.77
HEX2 C 76.32, H 7.43, N 4.95 C 76.55, H 7.61, N 5.03
HEPl C 72.38, H 7.94, N 4.45 C 75.05, H 8.32, N 5.52
HEP2 C 76.76, H 7.75, N 4.72 C 76.64, H 7.86, N 4.78
OCTl C 72.94, H 8.21, N 4.26 C 73.63, H 9.13, N 5.73
OCT2 C 77.16, H 8.05, N 4.50 C 77.07, H 8.14, N 4.53
DECl C 73.94, H 8.69, N 3.92 C 79.10, H 9.24, N 4.47
DEC2 C 77.87, H 8.56, N 4.13 C 77.89, H 8.71, N 4.16
FTIR
The infrared spectra (IR) of the bisamic acid additives are presented in Appendix
1. The N-H and 0-H stretching of the bisamic acid additives appear from 3000-3500
cm '; the alkyl carbon stretch appear from 2927-2960 cm '; the amide C=0 stretch appear
from 1727-1735 cm '; the carboxylic C=0 stretch are observed from 1701-1712 cm '; the
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C=C bridge stretch appear from 1602-1617 cm '; the aromatic C=C stretch are observed
from 1514-1538 cm '; and the amide C-N stretch are observed from 1378-1398 cm '.
The infrared spectra (IR) for the bisimide additives are presented in Appendix 1.
The alkyl carbon stretch are observed from 2897-2960 cm '; the bisimide C=0 stretch
appear from 1700-1717 cm '; the C=C bridge stretch appear from 1602-1624 cm '; the
aromatic C=C stretch are observed from 1514-1518 cm''; and the bisimide C-N stretch are
observed from 1377-1387 cm '.
Mass Spectroscopy
The mass spectra of the bisamic acid additives show a base peak at 336 m/z.
corresponding to the fragmentation shown below.
O O
In addition, the mass spectra of the bisamic acids show a distinct fragmentation above
336 m/z which corresponds to the loss of an alkyl group with a formula of n-1, where n is
the carbon chain length of the bisamic acid. Other major fragmentation peaks are seen at
186 m/z, 132 m/z, and 78 m/z for CnHgNOj, CgH^NO, and CgHg, respectively (Appendix




A parent is not observed for any of the bisamic acid additives.
The mass spectra of bisimide additives (Appendix 2) are very different. A parent
ion is observed for the bisimide additives. Other peaks observed are at 186 m/z and 132
m/z which have similar structures as those derived from the bisamic acids. Also, the
mass spectra of the bisimides show a peak above the 212 m/z which corresponds to the
loss of an alkyl group with a formula of n-1, where n is the carbon chain length of the
bisimide. The mass peak is observed for the bisimide additives. The results of the mass
spectrometry indicate that the bisamic acid and bisimide additives have similar
fragmentation patterns.
'H and '^C NMR
ETHl bisamic acid and ETH2 bisimide
The proton nuclear magnetic resonance spectra ('H NMR) for the ethylaniline
bisamic acid and bisimide additives are presented in Appendix 3. A summary of the
chemical shifts and assignments of the functionalities is presented in Table 3.
The carbon-13 nuclear magnetic spectroscopy spectra for the ethylaniline bisamic




assignments of the functionalities for the ETHl bisamic acid is presented in Table 4. A
summary of the chemical shifts and assignments of the functionalities for the ETH2
bisimide is presented in Table 5.
PROl bisamic acid and PR02 bisimide
The proton nuclear magnetic spectroscopy spectra ('H NMR) for the propylaniline
bisamic acid and bisimide additives are presented in Appendix 3. A summary of the
chemical shifts and assignments of the functionalities is presented in Table 6.






Acetone (solvent) 2.0 2.0
DMSO (solvent) 2.5 2.5
Water 3.1 3.2
CH2 2.7 2.6
Bridge head 3.3 3.5
Tertiary carbon 3.2 3.3
Bicyclic bridge 6.0-6.3 6.3
Aromatic 7.0-7.4 7.0-7.4
Carboxylic 9.8 none
The carbon-13 nuclear magnetic spectroscopy spectra for the propylaniline
bisamic acid and bisimide are presented in Appendix 4. A summary of the chemical
shifts and assignments of the functionalities for the PROl bisamic acid is presented in
Table 7. A summary of the chemical shifts and assignments of the functionalities for the
PR02 bisimide is presented in Table 8.
Table 4. ''C NMR Chemical Shift Assignments for ETHl
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PENl bisamic acid and PEN2 bisimide
The proton nuclear magnetic spectroscopy spectra ('H NMR) for the pentylaniline
bisamic acid and bisimide additives are presented in Appendix 3. A summary of the
chemical shifts and assignments of the functionalities is presented in Table 9.
The carbon-13 nuclear magnetic spectroscopy spectra for the pentylaniline
bisamic acid and bisimide are presented in Appendix 4. A summary of the chemical
shifts and assignments of the functionalities for the PENl bisamic acid is presented in
Table 10. A summary of the chemical shifts and assignments of the functionalities for
the PEN2 bisimide is presented in Table 11.
HEXl bisamic acid and HEX2 bisimide
The proton nuclear magnetic spectroscopy spectra ('H NMR) for the hexylaniline
bisamic acid and bisimide additives are presented in Appendix 3. A summary of the
chemical shifts and assignments of the functionalities is presented in Table 12.
The carbon-13 nuclear magnetic spectroscopy spectra for the hexylaniline bisamic
acid and bisimide are presented in Appendix 4. A summary of the chemical shifts and
assignments of the functionalities for the HEXl bisamic acid is presented in Table 13. A
summary of the chemical shifts and assignments of the functionalities for the HEX2
bisimide is presented in Table 14.
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HEPl bisamic acid and HEP2 bisimide
The proton nuclear magnetic spectroscopy spectra ('H NMR) for the heptylaniline
bisamic acid and bisimide additives are presented in Appendix 3. A summary of the
chemical shifts and assignments of the functionalities is presented in Table 15.
Table 6. 'H NMR Chemical Shifts for PROl and PR02





Alkyl carbons 1.5-1.6 1.5-1.6
Acetone (solvent) 2.0 2.0
DMSO (solvent) 2.5 2.5
Water 3.2 3.3
CH2-0 2.6 2.5
Alkyl chain 1.5-1.6 1.5-1.6
Bridge head 3.3 3.5
Tertiary carbon 3.3 3.4
Bicyclic bridge 6.2-63 6.3
Aromatic 7.0-7.4 7.0-7.4
Carboxylic 10.0 none
The carbon-13 nuclear magnetic spectroscopy spectra for the heptylaniline
bisamic acid and bisimide are presented in Appendix 4. A summary of the chemical
shifts and assignments of the functionalities for the HEPl bisamic acid is presented in
Table 16. A siunmary of the chemical shifts and assignments of the functionalities for
the HEP2 bisimide is presented in Table 17.
OCTl bisamic acid and OCT2 bisimide
The proton nuclear magnetic spectroscopy spectra ('H NMR) for the octylaniline
bisamic acid and bisimide additives are presented in Appendix 3. A summary of the
Table 7. '^C NMR Chemical Shift Assignments for PROl 22
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Table 9. ‘H NMR Chemical Shifts for PENl and PEN2





Alkyl carbons 1.5-1.6 1.2-1.6
Acetone (solvent) 2.0
DMSO (solvent) 2.5 2.5
CH2-0 2.6 2.6
Bridge head 3.4 3.5
Tertiary carbon 3.3 3.4
Bicyclic bridge 6.1-6.8 6.3
Aromatic 7.0-7.4 7.0-7.4
Carboxylic 9.8 none
chemical shifts and assignments of the functionalities is presented in Table 18.
The carbon-13 nuclear magnetic spectroscopy spectra for the octylaniline bisamic
acid and bisimide are presented in Appendix 4. A summary of the chemical shifts and
assignments of the ftmctionalities for the OCTl bisamic acid is presented in Table 19. A
summary of the chemical shifts and assignments of the functionalities for the OCT2
bisimide is presented in Table 20.
DECl bisamic acid and DEC2 bisimide
The proton nuclear magnetic spectroscopy spectra ('H NMR) for the decylaniline
bisamic acid and bisimide additives are presented in Appendix 3. A summary of the
chemical shifts and assignments of the functionalities is presented in Table 21.
Table 10. “C NMR Chemical Shift Assignments for PENl
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Table 11. *^C NMR Chemical Shift Assignments for PEN2
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Table 12. 'H NMR Chemical Shifts for HEXl and HEX2
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Acetone (solvent) 2.0 2.0
DMSO (solvent) 2.5 2.5
Water 3.2 3.2
CH2-0 2.6 2.6
Bridge head 3.5 3.5
Tertiary carbon 3.4 3.3
Bicyclic bridge 6.2-6.8 6.3
Aromatic 7.0-7.4 7.0-7.4
Carboxylic 9.9 none
The carbon-13 nuclear magnetic spectroscopy spectra for the decylaniline bisamic
acid and bisimide are presented in Appendix 4. A summary of the chemical shifts and
assignments of the functionalities for the DECl bisamic acid is presented in Table 22. A
summary of the chemical shifts and assignments of the ftmctionalities for the DEC2
bisimide is presented in Table 23.
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Table 14. '^C NMR Chemical Shift Assignments for HEX2 29
I
\_3 0 O 3^—2
\ 5 8—9
V / \ y^l2/ 12^ \ A \ /
\—1 ^0-N N—10 7 6
V y \ 12 / 12.^ / \ /
g_9 ll- ^13^ "11 9-=-8
II ilO 0

















Table 15. 'H NMR Chemical Shifts for HEPl and HEP2
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Functionality HEPl chemical shifts (ppm) HEP2 chemical shifts (ppm)
CHj 0.9 0.9
Alkyl carbons 1.2-1.6,2.6-2.9 1.2-1.6, 2.6-2.9
Acetone (solvent) 2.0 2.0
DMSO (solvent) 2.5 2.5
Bridge head 3.3 3.6
Tertiary carbon 2.9 3.5
Bicyclic bridge 6.2-63 6.4
Aromatic 7.0-7.4 7.1-7.6
Carboxylic 10.0 none
Table 16. ‘^C NMR Chemical Shift Assignments for HEPl 31
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Table 17. '^C NMR Chemical Shift Assignments for HEP2
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Table 18. 'H NMR Chemical Shifts for OCTl and OCT2





Alkyl carbons 1.5-1.6 1.4-1.7, 2.7-2.9
DMF (solvent) none
Acetone (solvent) 2.0 2.0
DMSO (solvent) 2.5 none
Bridge head 3.3 3.7
Tertiary carbon 3.2 3.6
Bicyclic bridge 6.4-6.8 6.5
Aromatic 7.2-7.4 7.3-7.5
Carboxylic 9.8 none
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Table 20. *^C NMR Chemical Shift Assignments for OCT2 35
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Table 21. ‘H NMR Chemical Shifts for DECl and DEC2
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Functionality DEC 1 chemical shifts (ppm) DEC2 chemical shifts (ppm)
CHj 1.0 1.0
Acetone (solvent) 2.0 2.0
DMSO (solvent) 2.5 2.5
CHj 2.5 2.5
Bridge head 3.3 3.5
Tertiary carbon 2.9 3.3
Bicyclic bridge 6.2-6.3 6.3
Aromatic 7.0-7.4 7.0-7.4
Carboxylic 10.0 none
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Table 23. ‘^C NMR Chemical Shift Assignments for DEC2 38
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Thermal Characterization, Wide Angle X-Ray Diffraction, and Rheology
DSC
ETHl- bisamic acid
The differential scanning calorimetry thermogram of the ethylaniline bisamic acid
additive (Appendix 5) shows a melting point of 268 °C under an atmosphere of nitrogen.
Upon quench cooling, the thermogram shows a melting point of 271 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the ETHl additive shows an
onset of decomposition at 349 °C.
ETH2- bisimide
The differential scanning calorimetry thermogram of the ethylaniline bisimide
additive (Appendix 5) shows a melting point of 304 °C under an atmosphere of nitrogen.
Upon quench cooling, the thermogram shows a melting point of 304 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the ETH2 additive shows an
onset of decomposition at 382 °C.
PROl- bisamic acid
The differential scanning calorimetry (DSC) thermogram of the propylaniline
bisamic acid additive (Appendix 5) shows a melting point of 257 °C under an atmosphere
of nitrogen. Upon quench cooling, the thermogram exhibits a melting point of 268 °C.
The thermogravimetric analysis (TGA) thermogram (Appendix 6) of the PROl additive
shows an onset ofdecomposition at 386 °C.
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PR02- bisimide
The differential scanning calorimetry thermogram of the propylaniline bisimide
additive (Appendix 5) shows a melting point of 267 °C under an atmosphere of nitrogen.
Upon quench cooling, the thermogram shows a melting point of 268 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the PR02 additive shows an
onset of decomposition at 386 °C.
PENl- bisamic acid
The differential scanning calorimetry thermogram of the pentylaniline bisamic
acid additive (Appendix 5) shows a melting point of 229 °C under an atmosphere of
nitrogen. Upon quench cooling, the thermogram shows a melting point of 232 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the PENl additive shows an
onset of decomposition at 390 °C.
PEN2- bisimide
The differential scanning calorimetry thermogram of the pentylaniline bisimide
additive (Appendix 5) shows a melting point of 225 °C under an atmosphere of nitrogen.
Upon quench cooling, the thermogram exhibits a melting point of 224 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the PEN2 additive shows an
onset of decomposition at 390 °C.
HEXl- bisamic acid
The differential scanning calorimetry thermogram of the hexylaniline bisamic acid
additive (Appendix 5) shows a melting point of 213 °C under an atmosphere of nitrogen.
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Upon quench cooling, the thermogram shows a melting point of 226 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the HEXl additive shows an
onset of decomposition at 392 °C.
HEX2- bisimide
The differential scanning calorimetry thermogram of the hexylaniline bisimide
additive (Appendix 5) shows a melting point of 219 °C under an atmosphere of nitrogen.
Upon quench cooling, the thermogram shows a melting point of 220 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the HEX2 additive shows an
onset of decomposition at 393 °C.
HEPI- bisamic acid
The differential scanning calorimetry thermogram of the heptylaniline bisamic
acid additive (Appendix 5) shows a melting point of 228 °C under an atmosphere of
nitrogen. Upon quench cooling, the thermogram exhibits a melting point of 249 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the HEPl additive shows an
onset of decomposition at 392 °C.
HEPl- bisimide
The differential scanning calorimetry thermogram of the heptylaniline bisimide
additive (Appendix 5) shows a melting point of 223 °C under an atmosphere of nitrogen.
Upon quench cooling, the thermogram shows a melting point of 216 °C. The
thermogravimetric analysis thermogreim (Appendix 6) of the HEP2 additive shows an
onset of decomposition at 393 °C.
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OCTl- bisamic acid
The differential scanning calorimetry thermogram of the octylaniline bisamic acid
additive (Appendix 5) shows a melting point of 223 °C under an atmosphere of nitrogen.
Upon quench cooling, the thermogram exhibits a melting point of 222 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the OCTl additive shows an
onset of decomposition at 400 °C.
OCT2- bisimide
The differential scanning calorimetry thermogram of the octylaniline bisimide
additive (Appendix 5) shows a melting point of 214 °C under an atmosphere of nitrogen.
Upon quench cooling, the thermogram shows a melting point of 212 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the OCT2 additive shows an
onset of decomposition at 400 °C.
DECl- bisamic acid
The differential scanning calorimetry thermogram of the decylaniline bisamic acid
additive (Appendix 5) shows a melting point of 189 °C under an atmosphere of nitrogen.
Upon quench cooling, the thermogram shows a melting point of 210 °C. The
thermogravimetric analysis thermogram (Appendix 6) of the DECl additive shows an
onset of decomposition at 405 °C.
DEC2- bisimide
The differential scanning calorimetry thermogram of the decylaniline bisimide
additive (Appendix 5) shows a melting point of 202 °C under an atmosphere of nitrogen.
Upon quench cooling, the thermogram exhibits a melting point of 193 °C. The
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thermogravimetric analysis thermogram (Appendix 6) of the DEC2 additive shows an
onset of decomposition at 405 °C.
A summary of the thermal analysis results for all of the additives is shown in
Appendix 7. A plot of the melting point and the onset of decomposition of the bisamic
acid additives versus temperature is shown in Figure 2. A plot of the melting point and
the onset of decomposition of the bisimide additives versus temperature is shown in
Figure 3. Figure 2 shows that as the carbon chain increases, the melting point decreases
from 268 °C at n = 2 for the bisamic acid additives to 189 °C at n = 10 and from 304 °C
at n = 2 to 202 °C at n = 10 for the bisimide additives. Also, as the carbon chain
increases, the onset of decomposition increases from 349 °C at n = 2 to 405 °C for n = 10
for the bisamic acid additives and from 382 °C at n = 2 to 405 °C for n = 10. The
bisimide additives are thermally more stable than the bisamic acid additives.































Figure 3. The Melting Point eind Onset of Decomposition of Bisimide Additives
Wide Angle X-Ray Diffraction
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X-ray diffraction patterns show sharp intense peaks for the bisimides and broader
less intense peaks for the bisamic acids. This indicates that the bisimides are more
crystalline than the bisamic acids. The X-ray plots are shown in Appendix 8.
Rheology
The rheological tests, which show the plot of viscosity versus temperature are
shown in Appendix 9. The onset of the reduction of viscosity for the neat K3B polyimide
begins at 281 °C. The viscosity continues to be reduced until a temperature of 323 °C is
reached. The incorporation of the additives into the polyimide reduces the viscosity of
the K3B polyimide. As the amount of additive is increased, the viscosity of the blend is
decreased. In general, the greater the amount of additive in the blend, the lower the
temperature required to reach a given melt viscosity.
K3B Blends
It is evident from the viscosity versus temperature plot that the presence of the
additives have a great effect on the viscosities of the blends. For example, at 284 °C, the
presence of 5, 10, and 15 % ETHl decreases the viscosity to 6.0e+4, 633, and 280 Pa s,
respectively. The lowest viscosity attainable with 5, 10, and 15 % ETHl is 476 Pa s (324
°C); 452 Pa s (298 °C); and 352 Pa s (260 °C), respectively.
At 303 °C, the presence of 5, 10, and 15% ETH2 decreases the viscosity to
1.7e+4, 8.8e+3, and 2.9e+3 Pa s, respectively. The lowest viscosity attainable with 5, 10,
and 15 % ETH2 is 486 Pa s (329 °C); 309 Pa s (338 °C); and 263 Pa s (342 °C),
respectively.
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At 310 °C, the presence of 5, 10, and 15% PROl decreases the viscosity to
1.5e+4, 9.8e+3, and 643 Pa s, respectively. The lowest viscosity attainable with 5, 10,
and 15 % PROl is 842 Pa s (355 °C); 326 Pa s (343 °C); and 314 Pa s (301 °C),
respectively.
At 325 °C, the presence of 5, 10, and 15% PR02 decreases the viscosity to
2.8e+3, 2.1e+3, and 881 Pa s, respectively. The lowest viscosity attainable with 5, 10,
and 15 % PR02 is 842 Pa s (343 °C); 609Pa s (338 °C); and 267 Pa s (338 °C),
respectively.
At 310 °C, the presence of 5, 10, and 15% PENl decreases the viscosity to
5.3e+3, 2.1e+3, and 362 Pa s, respectively. The lowest viscosity attainable with 5, 10,
and 15 % PENl is 353 Pa s (337 °C); 250 Pa s (326 °C); and 220 Pa s (326 °C),
respeetively.
At 324 °C, the presence of 5, 10, and 15% PEN2 decreases the viscosity to
2.8e+3, 1.4e+3, and 495 Pa s, respectively. The lowest viscosity attainable with 5, 10,
and 15 % PEN2 is 278 Pa s (350 °C); 169 Pa s (335 °C); and 341 Pa s (338 °C),
respectively.
At 308 °C, the presence of 5, 10, and 15% HEXl decreases the viseosity to
7.3e+3, 3.0e+3, and 870 Pa s, respectively. The lowest viscosity attainable with 5, 10,
and 15 % HEXl is 523 Pa s (331 °C); 384 Pa s (314 “C); and 283 Pa s (305 °C),
respectively.
At 324 °C, the presence of 5, 10, and 15% HEX2 decreases the viscosity to
3.7e+3, 1.9e+3, and 452 Pa s, respectively. The lowest viscosity attainable with 5, 10,
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and 15 % HEX2 is 484 Pa s (346 °C); 394 Pa s (333 °C); and 330 Pa s (333 °C),
respectively.
At 325 °e, the presence of 5, 10, and 15% HEPl decreases the viscosity to
2.4e+3, 1.2e+3, and 371 Pa s, respectively. The lowest viscosity attainable with 5, 10,
and 15 % HEPl is 624 Pa s (338 °C); 591 Pa s (338 °C); and 475 Pa s (307 °C),
respectively.
At 325 °C, the presence of 5, 10, and 15% HEP2 decreases the viscosity to
4.8e+3, 424, and 328 Pa s, respectively. The lowest viscosity attainable with 5, 10, and
15 % HEP2 is 876 Pa s (345 °C); 424 Pa s (325 °C); and 378 Pa s (321 °C), respectively.
At 324 °C, the presence of 5, 10, and 15% OCTl decreases the viscosity to
4.4e+3, 385, and 241 Pa s, respectively. The lowest viscosity attainable with 5, 10, and
15 % OCTl is 320 Pa s (341 °C); 338 Pa s (273 °C); and 255 Pa s (311 °C), respectively.
At 330 °C, the presence of 5, 10, and 15% OCT2 decreases the viscosity to
2.7e+3, 710, and 243 Pa s, respectively. The lowest viscosity attainable with 5, 10, and
15 % OCT2 is 358 Pa s (345 °C); 367 Pa s (336 °C); and 245 Pa s (298 °C), respectively.
At 300 °C, the presence of 5, 10, and 15% DECl decreases the viscosity to
2.1e+4, 6.1e+3, and 312 Pa s, respectively. The lowest viscosity attainable with 5, 10,
and 15 % DECl is 291 Pa s (346 °C); 220 Pa s (316 °C); and 161 Pa s (311 °C),
respectively.
At 300 °C, the presence of 5, 10, and 15% DEC2 decreases the viscosity to
2.1e+4, 7.0e+3, and 1.1 e+3 Pa s, respectively. The lowest viscosity attainable with 5, 10,
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and 15 DEC2 is 323 Pa s (332 °C); 185 Pa s (297 °C); and 165 Pa s (297 °C),
respectively.
LaRC-PETI-5 Blends
At 267 °C, the presence of 5,10, and 15% ETHl decreases the viscosity to
l.Oe+5; 2.6e+3; and 452 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends is observed at 325 °C. The 5, 10, and 15% ETHl viscosities are
2.1e+5, 2.9e+3, and 460 Pa s, respectively.
At 327 °C, the presence of 5,10, and 15% ETH2 decreases the viscosity to
1.8e+5; 6.7e+4; and 1.5e+3 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 346 °C. The 5, 10, and 15% ETH2 viscosities are
l.Oe+3, 541, and 358 Pa s, respectively.
At 267 ®C, the presence of 5, 10, and 15% PROl decreases the viscosity to
1.3e+5; 1.2e+5; and 5.0e+4 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 350 °C. The 5, 10, and 15% PROl viscosities
are, 1.4e+3, 779, and 422 Pa s, respectively.
At 317 °C, the presence of 5, 10, and 15% PR02 decreases the viscosity to
2.3e+5; 1.8e+5; and 1.7e+5 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 350 °C. The 5,10, and 15% PR02 viscosities are
930, 505, and 342 Pa s, respectively.
At 267 °C, the presence of 5, 10, and 15% PENl decreases the viscosity to
1.5e+5; 3.3e+5; and 5.3e+5 Pa s, respectively. After crosslinking, a reduction of the
50
viscosities of the blends are observed at 346 °C. The 5, 10, and 15% PENl viscosities are
975, 393, and 333 Pa s, respectively.
At 267 °C, the presence of 5, 10, and 15% PEN2 decreases the viscosity to
1.4e+5; 2.2e+5; and 2.9e+5 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 346 °C. The 5, 10, and 15% PEN2 viscosities are
1.3e+3, 432, and 402 Pa s, respectively.
At 267 °C, the presence of 5, 10, and 15% HEXl decreases the viscosity to
1.4e+5; 2.0e+5; and 7.3e+4 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 346 °C. The 5, 10, and 15% HEXl viscosities
are 1.2e+3, l.Oe+3, and 591 Pa s, respectively.
At 267 °C, the presence of 5, 10, and 15% HEX2 decreases the viscosity to
1.6e+5; 2.7e+5; and 4.9e+5 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 346 °C. The 5, 10, and 15% HEX2 viscosities
are 1.4e+3,442, and 321 Pa s, respectively.
At 267 °C, the presence of 5, 10, and 15% HEPl decreases the viscosity to
1.4e+5; 7.0e+4; and 1.5e+5 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 342 °C. The 5, 10, and 15% HEPl viscosities are
4.7e+3,408, and 353 Pa s, respectively.
At 267 °C, the presence of 5, 10, and 15% HEP2 decreases the viscosity to
1.6e+5; 1.3e+5; and 9.0e+3 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 346 °C. The 5, 10, and 15% HEP2 viscosities are
1.3e+3,471, and 366 Pa s, respectively.
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At 267 °C, the presence of 5, 10, and 15% OCTl decreases the viscosity to
1.2e+5; 3.9e+5; and 8.8e+5 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 347 °C. The 5, 10, and 15% OCTl viscosities
are 967, 231, and 187 Pa s, respectively.
At 279 °C, the presence of 5, 10, and 15 OCT2 decreases the viscosity to 1.3e+5;
4.5e+4; and 3.9e+4 Pa s, respectively. After crosslinking, a reduction of the viscosities of
the blends are observed at 347 °C. The 5, 10, and 15% OCT2 viscosities are 1.8e+3, 445,
and 314 Pa s, respectively.
At 274 °C, the presence of 5, 10, and 15% DECl decreases the viscosity to
2.8e+4; 1.6e+3; and 222 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 350 °C. The 5, 10, and 15% DECl viscosities
are 482, 469, and 361 Pa s, respectively.
At 267 °C, the presence of 5, 10, and 15% DEC2 decreases the viscosity to
l.Oe+5; 9.6e+4; and 2.5e+4 Pa s, respectively. After crosslinking, a reduction of the
viscosities of the blends are observed at 350 “C. The 5, 10, and 15% DEC2 viscosities
are 1.2e+3, 421, and 366 Pa s, respectively.
The LaRC-PETI-5 polyimide exhibits an onset of the reduction of viscosity at
243 °C. The reduction of the viscosity continues until the temperature of 267 °C is
reached. Above 267 °C, the viscosity begins to increase due to the crosslinking of the
polyimide. The increase in viscosity continues until the temperature of 352 °C is reached.
The viscosity then begins to decrease and reaches its lowest viscosity at 365 °C.
Depending on which additives are incorporated into the LaRC-PETI-5 polyimide, the
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viscosity during crosslinking is either reduced or increased. The ethylaniline (ETHl,
ETH2), propylaniline (PROl, PR02), decylaniline (DECl, DEC2), and the octylaniline
bisimide (OCT2) additives reduce the viscosity during crosslinking. However, the
pentylaniline (PENl, PEN2), hexylaniline (HEXl, HEX2), heptylaniline (HEPl, HEP2),
and octylaniline bisamic acid (OCTl) additive increase the viscosity during crosslinking.
Upon crosslinking, above 267 °C, the greater the amount of additive in the blend, the
lower the viscosity.
The blends were characterized by differential scanning calorimetry (DSC) to
determine the effect of the additives on the glass transition temperature (Tg) of the
polyimide. The 15% blends of the additive with the polyimide were used because these
blends lowered the viscosity of the polyimides the most, thus it would be expected to
have the greater effect on the Tg. The results are shown in Table 24. In general, the
additives exhibited a minor effect on the polyimides.
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Table 24. The Effect of Additives on the Tg of Polyimides, K3B and LaRC-PETI-5
Blend 1st Run (°C) 2nd Run (°C)
15% ETH1-K3B 176 216
15% ETH2-K3B 174 209
15%PR01-K3B 212 266
15% PR02-K3B 199 251
15%PEN1-K3B 215 255
15% PEN2-K3B 194 217
15% HEX1-K3B 212 213
15%HEX2-K3B 224 253
15% HEP1-K3B 208 216
15% HEP2-K3B 220 226
15%0CT1-K3B 175 214
15% OCT2-K3B 214 216
15%DEC1-K3B 197 206













The Tg observed for the neat K3B and LaRC-PETI-5 polyimides are 204 °C and
221 °C respectively.
CONCLUSION
The bisamic acid additives exhibit a melting temperature (T„) range of 189 to
268 °C. The bisimide additives exhibit a T^ range of 202 to 304 °C. The TGA of the
bisamic acid additives showed an onset of decomposition ranging from 349 to 405 °C,
while the bisimide additives showed a range of 382 to 405 °C. In general, the bisimide
additives are more stable than the corresponding bisamic acid. The additives are soluble
in tetrahydrofiiran (THF), tetramethylurea (TMU), and 1-methyl 2-pyrolidinone (NMP).
The additives are insoluble in ethanol (EtOH) and chloroform (CHCh). As the carbon
chain on the additive increases, the solubility of the additive in methyl sulfoxide (DMSO)
decreases. The bisamic acid additives are insoluble in 1,1,2,2-tetrachloroethane (TCE)
while the bisimide additives are soluble.
The rheological studies show that as the amount of additive incorporated into the
polyimide is increased, there is a reduction of the melt viscosity. The polyimide, K3B
exhibited an onset of reduction in melt viscosity at 281 °C. The rheological studies of the
polyimide, LaRC-PETI-5 exhibited an onset of reduction in melt viscosity at 243 °C until
267 °C. Above 267 °C, the viscosity of the polyimide began to increase due to
crosslinking. Some of the additives (ETHl, ETH2, PROl, PR02, OCT2, DECl, DEC2)
reduced the melt viscosity during the crosslinking, while others (PENl, PEN2, HEXl,
HEX2, HEPl, HEP2, OCTl) increased the melt viscosity. After crosslinking, the blends
with larger amoimts of additives showed a greater decrease in melt viscosity. At
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temperatures greater than 300 °C, there is no advantage in increasing the concentration of
additive. In general, the additives exhibited a minor effect on the Tg of the polyimides.
Future work on this project could include synthesizing and characterizing the
additives using /7-butyIaniline and /7-nonylaniline. These additives could then blended
with the polyimides, K3B and LaRC-PETI-5. Other future work could include
fabrication of the blends from this project into plaques to study their mechanical
properties. Also, aging studies could be performed to determine the long term effects of
the additives on the mechanical properties of the polyimides.
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IR spectra of ETHl amic acid and ETH2 imide additives
IR spectra of PROl amic acid and PR02 imide additives
00
IR spectra of PEN 1 amic acid and PEN2 imide additives
IR spectra of HEX 1 amic acid and HEX2 imide additives
ON
o
IR spectra of HEP 1 amic acid and HEP2 imide additives
IR spectra of OCTl amic acid and OCT2 imide additives
IR spectra of DEC 1 amic acid and DEC2 imide additives
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Mass spectrum of OCTl amic acid additive
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C NMR Spectrum of ETHl Bisamic Acid in DMSO VO
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Summary of Thermal Analysis Results for Additives
Additives
DSC Melting Points TGA Onset of
1“ Run (°C) 2"“ Run (°C) Decomposition (°C)
ETHl 268 271 349
ETH2 304 304 382
PROl 257 268 386
PR02 267 268 386
PENl 229 232 390
PEN2 225 224 390
HEXl 213 226 392
HEX2 219 220 393
HEPl 228 249 392
HEP2 223 216 393
OCTl 223 222 400
OCT2 214 212 400
DECl 189 210 405
DEC2 202 193 405
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X-ray diffraction curve for PROl amic acid additive
Sample identification: PR02
X-ray diffraction curve for PR02 imide additive
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Sample identification: P e n 1
















x-ray diffraction curve for PEN2 imide additive
Sample identification: H e X 1
00




e identification. H e p 2





































0 100 200 300 400
Temperature (C)
500




















50 100 150 200
—I 1 1 \—
250 300 350 400 450
Temperature (°C)























0 100 2C0 300 400
Temperature (°C)
500









1e+2 - T 1 r
0 100 200 300 400
Temperature (‘'C)
500


















0 100 200 300 400
Temperature (°C)
500














0 100 200 300 400
Temperature C'C)
500
Viscosity plot for the HEX1-K3B blend On
OJ
1e+8
1e+2 H 1 1 ^ 1—
0 100 200 300 400
Temperature fC)
500

















0 100 200 300 400
Temperature (°C)
500


















0 100 200 300 400
Temperature (°C)
500













0 100 200 300 400
Temperature (X)
500



















0 100 200 300 400
Temperature (°C)
500




















0 100 200 300
Temperature (°C)
400















0 100 200 300 400
Temperature (‘’C)
500




















0 100 200 300
Temperature ("C)
400 500
















0 100 200 300 400
Temperature (°C)
500















0 100 200 300 400
Temperature (°C)
500
















0 100 200 300 400 500
Temperature (°C)











0 100 200 300 400
Temperature fC)
500


















0 100 200 300 400
Temperature f’C)
500












0 100 200 300 400
Temperature fC)
500




















0 100 200 300 400 500
Temperature fC)
Viscosity plot for the HEX2-PETI5 blend oo
1e+2 H 1 1 1 1—
0 100 200 300 400
Temperature (C)
500












0 100 200 300 400
Temperature (°C)
500















0 100 200 300 400 500
Temperature (‘’C)











0 10(5 200 300 400
Temperature fC)
500


































0 100 200 300 400 500
Temperature (°C)




% Weijght of Blends





Viscosity plot for the PEN1-K3B and PEN2-K3Bblends at 310 and 324°C, respectively oo
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viscosity plot for the HEX1-K3B and HEX2-K3Bblends at 308 °C and 324°C, respectively
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Viscosity plot for the HEP1-K3B and HEP2-K3B blends at 325 °C and 325 °C, respectively
Viscosity(Pas)
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Viscosity plot for the OCT1-K3B and OCT2-K3B blends at 324 °C and 330 °C, respectively
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Viscosity plot for the ETH1-PETI5 and ETH2-PETI5 blends at 325 °C and 346 "C, respectively
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